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Induced magnetic moments at a ferromagnet-antiferromagnet interface
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We have studied the magnetization depth profile in a Co/LaFeO3 exchange bias system with polarized
neutron reflectometry. In the exchange biased state we observe differences between the reflectivity profiles
when the magnetization of the ferromagnetic layer is saturated either parallel or antiparallel to the cooling field.
This difference vanishes above the blocking temperature. Since the reflectivity profiles are directly related to
the Fourier components of the magnetization depth profile, this data suggest that a net moment develops within
the antiferromagnetic layer close to the interface with the ferromagnetic layer, which remains unchanged
during the magnetic-field cycling and is coupled antiferromagnetically to the ferromagnet.
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The coupling between a ferromagnet and an antiferrom
net gives rise to so-called exchange bias, which manif
itself in a magnetic hysteresis curve, which is not symme
around zero magnetic field.1 Even though this effect was firs
observed almost half a century ago,2 there is still an ongoing
discussion about the microscopic mechanism of excha
bias. Already early on it was recognized, that if one assum
that the ferromagnetic spins only couple to one sublattice
the antiferromagnet~i.e., at an uncompensated interface! and
if this coupling is of similar magnitude as the typical e
change coupling in ferromagnetic and antiferromagnetic m
terials, then the expected shift of the hysteresis loopHE
would be one or two orders of magnitude bigger than
experimentally observed one.3 To alleviate this discrepancy
there are generally two approaches to a microscopic mo

One idea is that the coupling energy is spread acros
domain wall either in the antiferromagnet4 or the
ferromagnet,5 which effectively reduces the coupling. An
other idea is that the ferromagnet couples to a small
magnetic moment in the antiferromagnet instead of exc
sively to one sublattice. This net moment may occur eit
due to modifications of the antiferromagnetic spin struct
at the interface6 or due to an imbalance of coupling to th
sublattices.7 A preferential coupling to one of the antiferro
magnetic sublattices may arise from defects or roughnes
the interface,8 grain boundaries,9 domain structure of the
antiferromagnet,10 or the eptaxial relationship at th
interface.11

Experimentally the origin of exchange bias remains u
clear. Tests of the first microscopic model with polariz
0163-1829/2002/66~22!/220406~4!/$20.00 66 2204
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neutron reflectometry measurements of Fe3O4 /NiO multi-
layers suggested the possibility of an interfacial dom
wall,12 while similar measurements on Fe/MnF2 suggested a
homogeneous magnetization throughout the ferromagn
layer.13 On the other hand, magnetometry data fro
Ni81Fe19/FeMn/Co trilayers suggested indirectly the ex
tence of a partial domain wall in the antiferromagne
layer.14 Conversely, there have been many investigations i
any net magnetic moments within the antiferromagne
layer. A net magnetization has been observed in field coo
CoO antiferromagnetic films without coupling to a ferroma
netic layer.9 The temperature dependence of this momen
the same as the exchange bias in Ni81Fe19/CoO bilayers. In
Fe/FeF2 and Fe/MnF2 there is besides the horizontal shift o
the hysteresis loop, also a vertical shift, which might st
from a fixed net moment within the antiferromagne
layer.15 Recent experiments with doped antiferromagne
CoO layers suggest that the domain structure of the ant
romagnet, which might give rise to a net moment at t
interface, is a key parameter for the exchange bias.16 More
compelling evidence for a net moment in the antiferromag
comes from x-ray dichroism17 and x-ray resonan
scattering,18 which suggest weak magnetic moments in t
antiferromagnetic layers. However, the spatial distribut
and the field dependence of these moments remain unc
Here, we report on polarized neutron reflectometry meas
ments of an exchange bias system consisting of an antife
magnetic LaFeO3 and a ferromagnetic Co layer. The resu
of these measurements cannot be attributed to formation
©2002 The American Physical Society06-1
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domain wall parallel to the interface in either the ferroma
net or the antiferromagnet in the exchange biased state. H
ever, a comparison with simulated data suggests, that a
magnetization forms in the antiferromagnet close to the
terface, which is antiferromagnetically coupled to the fer
magnetic layer and unchanged upon reversing the magn
field.

For the measurements we prepared a 25-Å-thick fe
magnetic Co layer on a 350-Å thick antiferromagne
LaFeO3 layer. The LaFeO3 film was grown with molecular-
beam epitaxy by means of a block-by-block method19 on a
~001! SrTiO3 substrate at 750 °C with a partial oxygen pre
sure of 531026 Torr. This method has shown to yield high
quality epitaxial oxide films.20 The LaFeO3 was covered by
Co grown at room temperature, which was capped by 1
of Pt to prevent oxidation. X-ray-diffraction and transmissi
electron microscopy analysis21 showed that the LaFeO3 layer
grew epitaxial along@110# with a twinned in-plane structure
of its c axis along the@100# and @010# direction of the
SrTiO3, while the Co layer was polycrystalline. Figure
shows x-ray reflectivity data and a model fit. From this fi22

we can extract the individual layer thicknesses, which ag
well with the nominal thicknesses, and the interface rou
ness for each layer, which is for all interfaces less than 7
In particular, the roughness at the Co/LaFeO3 interface is
3.1 Å, which indicates together with the TEM measureme
that interdiffusion is nearly absent in these samples. It sho
be noted that such high-quality interfaces with very lo
roughness are beneficial to the polarized neutron reflect
etry, since the interface roughness gives an inherent lo
limit to resolving any spatial features in the magnetizat
depth profile.

Polarized neutron reflectometry is tailor made to det
mine magnetization depth profiles in magnetic heterostr
tures with high sensitivity and spatial resolution of a fe
atomic monolayers.23 The polarized neutron reflectometr
measurements were performed on the NG-1 reflectomete
the NIST Center for Neutron Research. For the meas
ments, a polarized neutron beam is reflected specularly f
the sample onto a polarization analyzer. Use of a polari
beam with polarization analysis permits determination
four spin-dependent neutron cross sections. Two of these
the non-spin-flip reflectivitiesR22 andR11 ~with the neu-

FIG. 1. X-ray reflectivity data. The open symbols are the da
while the solid line is fit obtained from a model~inset is a conven-
tional reflectivity profile plot!.
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tron spin antiparallel and parallel to the applied field, resp
tively!. The difference between these two cross section
determined by the component of the magnetization de
profile, which is parallel to the applied magnetic field. T
remaining two cross sections are the spin-flip reflectivit
R21 andR12, which are related to the magnetization com
ponents perpendicular to the applied field. The moment
transferq dependence of these profiles is related to the F
rier components of the magnetization depth profile, prov
ing depth sensitivity. In all our measurements presented h
the spin-flip reflectivities were negligible, indicating that th
magnetization depth profile is collinear with the magne
field.

Figures 2~a! and 2~b! show polarized neutron reflectivitie
measured at 300 K with magnetic fields of27.5 kOe and
17.5 kOe, respectively. These fields are well above the
ercive fields of 35 Oe and sufficient to saturate the sam
At 300 K the sample has no exchange bias and thus one
not expect any difference between the neutron data taken
negative and positive saturation~no difference is observed!.
In fact Figs. 2~a! and 2~b! exemplify the good reproducibility
of the reflectivity measurements. Even though the Ne´el tem-
perature of LaFeO3 is 750 K,24 a macroscopic exchange bia
of HE525 Oe can be established by field cooling the sam
from 300 K to 18 K in an applied field of17.5 kOe. The
blocking temperature for the exchange bias is 100 K. T
measurements were then repeated at 18 K for applied fi
of 67.5 kOe. A distinct difference between the two refle
tivity profiles is observed@compare Figs. 2~c! and 2~d!#.
While the profile at27.5 kOe is little changed from the
room-temperature measurements, there is a significant
crease in reflectivity at higher-momentum transferq for the
measurement taken at17.5 kOe. It should be noted that th
applied fields are again well above the coercivity ofHc
5500 Oe at 18 K, and thus are sufficient to saturate
magnetization of the ferromagnetic layer. In order to det
mine whether or not the observed difference was an exp
mental artifact, we repeated the measurements after
cooling in negative fields and observed the reversed dif
ence for the reflectivity at negative and positive saturati
respectively. Thus the enhanced reflectivity at highq is cor-
related with the direction of field cooling and the correspon
ing exchange bias.

The difference between the polarized neutron reflectivit
for positive and negative saturation after field cooling clea
indicates that the magnetization depth profiles in the t
saturated states are not identical. Without any further an
sis of the reflectivity data one can already exclude a dom
wall in either ferromagnetic or antiferromagnetic layer as
source of the observed difference. For the case of a dom
wall parallel to the ferromagnetic-antiferromagne
interface4,5 one would expect after field cooling, that the bi
gest change in the magnetization depth profile occurs for
magnetic field being antiparallel to the cooling field and
change for the field parallel to the cooling field. Howev
the experimental data show exactly the opposite tre
namely, the change of the reflectivity profile is most pr
nounced for the magnetic field parallel to the cooling fiel

,
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FIG. 2. ~a!–~d! polarized neutron reflectivity measured for applied fields of27.5 kOe@~a!,~c!# and17.5 kOe@~b!,~d!##, respectively. The
closed symbols areR22 data and the open symbols areR11 data.~a!,~b! Measurements taken at 300 K.~c!,~d! Measurements taken at 1
K after field cooling in17.5 kOe field.~e!,~f! Simulations of polarized neutron reflectivities assuming a net magnetic moment i
antiferromagnetic layer within 10 Å of the interface with the ferromagnetic layer. The magnetic moment in the antiferromagnetic
either parallel~e! or antiparallel~f! to the magnetization in the ferromagnetic layer. The solid line showsR22, while the dashed line show
R11. The simulations correspond to the low-temperature polarized neutron reflectivity data.
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On the other hand the data are consistent with an a
tional net moment forming in the antiferromagnetic lay
close to the interface with the ferromagnet. Figures 2~e! and
2~f! show simulated polarized neutron reflectivities, whi
were calculated using the structural parameters obta
from the fit in Fig. 1 and assuming a net moment of 2mB /Fe
atom in the LaFeO3 within 10 Å of the interface with the Co
layer. Notice, that since in LaFeO3 the moment of Fe is
4.6mB/atom,24 this is equivalent to roughly every fourth sp
pointing opposite to its bulk orientation. As can be seen
Fig. 2 the simulations reproduce the main feature of the lo
temperature data, which is the increased reflectivity for hi
momentum transferq particularly for R22. Intuitively this
can be easily understood, since a net moment in the ant
romagnet opposite to the ferromagnetic magnetization g
a higher contrast for the magnetic scattering at
antiferromagnet/ferromagnet interface than if they w
aligned. Furthermore, a comparison of simulated data w
no net moment shows that an additional moment modi
the reflectivity profiles more for an antiparallel orientatio
between the ferromagnet and the antiferromagnet mom
@Fig. 2~f!# than for the parallel orientation@Fig. 2~e!#. This
result is also in agreement with the experimental obse
tions @Figs. 2~a–d!#.

While the simulations show qualitatively correct trends
explain the low-temperature data, they do not fit the d
precisely and thus precise quantitative statements abou
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magnitude and spatial dependence of the magnetic mom
in the antiferromagnet are not possible. One difficulty is th
the thickness of the capping layer (10 Å) and the spa
extent of the net magnetic moment in the antiferromagne~a
few angstrom! are comparable to the interface roughne
(,7 Å), and thus the model used for calculating the refle
tivity profile approaches the limits of its validity.22 Further-
more, a model with a moment in the antiferromagnet eit
being parallel or antiparallel to the ferromagnetic magneti
tion may oversimplify the actual magnetization depth profi
in these exchange bias structures. Recent numerical sim
tions suggest that while the antiferromagnet may develo
net moment at the interface with the ferromagnet, only p
of this moment may be ‘‘frozen,’’ while the rest of it reverse
upon magnetic-field reversal.25

Nevertheless, we can draw several conclusions from c
paring the simulated and measured reflectivity profiles. Th
is an asymmetry in the polarized neutron reflectivities b
tween positive and negative saturation, which only occurs
the exchange biased state. Furthermore this asymmet
most pronounced for high-momentum transfer, indicating
difference in the magnetization depth profiles at short len
scales. The comparison with the simulations show that, fi
the net moment in the antiferromagnet is opposite to
cooling field, meaning that the coupling is antiferromagne
between the ferromagnetic and antiferromagnetic lay
Such antiferromagnetic coupling has also been indirectly
6-3
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ferred from other experiments.18,26,27 Second, the net mo
ment is confined close to the interface~i.e., within just a few
monolayers!. If it would be more extended or even pers
throughout the entire thickness of the antiferromagne
layer, then the low-temperature reflectivity profiles would
modified at lowq, contrary to the experimental observatio
Third, the net moment at the interface of the antiferromag
has to be rather large, i.e., of the order of 1mB per Fe atom.
It should be noted that numerical simulations25,28 and recent
experimental results17,18,29–31suggest that the interface sp
structure of the antiferromagnet may be significantly alte
when coupled to a ferromagnet. In addition, strong corre
tions between the ferromagnetic and antiferromagnetic s
have been observed on similar Co/LaFeO3 samples.32 The
tendency of LaFeO3 towards weak ferromagnetism33 may
also be enhanced at the interface.

In conclusion we have shown that the polarized neut

*Present address: Institut de Physique de la Matie`re Complexe,
EPFL, CH-1015 Lausanne, Switzerland.
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7L. Néel, Ann. Phys.~Paris! 2, 61 ~1967!.
8T.C. Schulthess and W.H. Butler, Phys. Rev. Lett.81, 4516

~1998!.
9K. Takanoet al., Phys. Rev. Lett.79, 1130~1997!.

10A.P. Malozemoff, Phys. Rev. B35, 3679~1987!.
11P.J. van der Zaaget al., J. Appl. Phys.79, 5103~1996!.
12A.R. Ball et al., Appl. Phys. Lett.69, 1489~1996!.
13A. Hoffmann, M.R. Fitzsimmons, J. Nogue´s, C. Leighton, V.

Leiner, H. Lauter, and I.K. Schuller~unpublished!.
14F.Y. Yang and C.L. Chien, Phys. Rev. Lett.85, 2597

~2000!.
15J. Nogue´s, C. Leighton, and I.K. Schuller, Phys. Rev. B61, 1315

~2000!.
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